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Potassium channel function is fundamental to many physiological processes in plants. In 
this issue of Cell, Xu et al. (2006) identify a protein complex in Arabidopsis consisting of a 
potassium channel, a protein kinase, and a calcium sensor. This study reveals that plants 
cope with limited soil potassium by coupling potassium channel activation to a cellular 
calcium signaling network.Potassium ions (K+) are an essential 
nutrient for plants. Although some 
soils have concentrations of potas-
sium as low as 10–100 µM, K+ accu-
mulates in plant cells to at least 100 
mM. Thus, the question of how cells 
acquire K+ and how K+ transport in 
plants can be adjusted with respect 
to changing environmental condi-
tions and developmental require-
ments is of great importance.
To enable the transport of K+ 
against a gradient of three to four 
orders of magnitude, active trans-
porters and cotransporters with high 
affinity for potassium have been 
postulated in addition to low-affin-
ity passive transporters (Epstein et 
al., 1963). Among the plant K+ trans-
porters identified, members of the 
Shaker-like family of K+ channels 
have been linked functionally and 
genetically to K+ nutrition, growth, 
and movements (Hirsch et al., 1998; 
Hosy et al., 2003; Sentenac et al., 
1992). Although expression studies 
have revealed transcriptional regula-
tion of K+ transporters in response to 
hormones, nutrient availability, and 
changes in environmental condi-
tions, evidence for posttranslational 
regulation of channel activity has 
remained scarce.
In a study reported in this issue of 
Cell, Wu and colleagues (Xu et al., 
2006) performed a forward genetic 
screen for plant sensitivity to low potassium and isolated the lks1 
(low-K+-sensitive) mutant. LKS1 was 
shown to encode the CBL (calcineu-
rin B-like protein) interacting protein 
kinase CIPK23, a critical component 
for K+ uptake in plants. Concluding 
that the loss of protein kinase activ-
ity may directly affect K+ uptake by 
the regulation of K+ transport, Xu et 
al. tested the phenotypes of sev-
eral candidate mutants. Of these, 
only the akt1 K+ channel mutant was 
found to exhibit similar (albeit less 
pronounced) defects in plant growth 
and K+ uptake.
This study directly links ion-chan-
nel regulation to an emerging and 
complex calcium signaling system. 
In Arabidopsis, there are 10 calcium 
sensors designated as CBLs and 
25 CIPKs (CBL-interacting protein 
kinases), which theoretically allows 
for 250 independent combinations. 
Protein interaction studies have 
revealed a network-like organization 
of this signaling system in that the 
selectivity of CBL/CIPK complex for-
mation represents one of the poten-
tial mechanisms that generate a 
stimulus-specific signaling response 
(Batistic and Kudla, 2004). Studies 
with mutant CBLs and CIPKs in abi-
otic stress responses other than K+ 
starvation revealed that the calcium 
sensor CBL1 integrates responses 
to drought, salt, and osmotic stress 
(Albrecht et al., 2003). In contrast, the Cell 125closely related calcium sensor CBL9 
mediates responses to the phyto-
hormone abscisic acid, and loss-of-
function mutations in CBL9 render 
plants hypersensitive to abscisic acid 
(Pandey et al., 2004). Thus, although 
both CBL1 and CBL9 can target 
identical CIPKs, these findings indi-
cate that the respective CBL1/CIPK 
or CBL9/CIPK complexes may have 
different functions.
Most remarkably, both CBL1 and 
CBL9 were identified by Xu et al. 
(2006) in the present study as inter-
acting partners of CIPK23, and only 
mutants lacking both CBL1 and 
CBL9 exhibited sensitivity to low K+. 
Both proteins target CIPK23 to the 
plasma membrane to promote AKT1 
phosphorylation, thus indicating that 
the calcium sensors act synergisti-
cally. Voltage-clamp recordings in 
Xenopus oocytes and patch-clamp 
recordings in root protoplasts unam-
biguously revealed that CBL1 and/or 
CBL9 are required for CIPK23/LKS1 
function and that these calcium sen-
sor/protein kinase complexes regu-
late AKT1 K+ conductance.
This breakthrough study by Xu et 
al. (2006) represents a major advance 
in the understanding of K+ channel 
regulation, opening up several new 
areas of investigation and raising 
important questions. Under condi-
tions of low K+ (but in the presence 
of 2 mM ammonium, which blocks , June 30, 2006 ©2006 Elsevier Inc. 1221
KUP K+ transporters), plants lacking 
functional AKT1 exhibit a strongly 
hyperpolarized root-cell membrane 
potential that is virtually insensitive to 
changes in K+ (Hirsch et al., 1998). A 
membrane potential of −180 to −225 
mV in mutants lacking functional 
AKT1 is basically dominated by an 
electrogenic, proton-pump-
ing ATPase. Thus, under the 
screening conditions used 
by Wu’s lab, the membrane 
potential of wild-type Arabi-
dopsis seedlings may depend 
only on AKT1 and the proton 
pump. K+ is thereby driven by 
the electrical gradient against 
a concentration gradient of 
three to four orders of magni-
tude via this “low affinity,” pas-
sive K+ transporter as shown 
by Brüggemann et al. (1999) 
for a related K+ channel.
The intrinsic voltage sensor 
of AKT1 keeps the channel 
closed at depolarized poten-
tials and opens it after hyper-
polarization of the membrane 
beyond a voltage threshold 
of about −80 mV. What if, for 
example, the electrochemical 
potential of K+ (EK) is −180 mV 
and the membrane potential 
is only −120 mV? Channels 
are open, but the K+ gradi-
ent is directed out of the cell. 
Consequently, release of this 
essential nutrient would take 
place. The voltage and pH 
gradient established by the 
proton pump drives a large 
number of processes such 
as those mediated by ion 
channels, sugar and amino 
acid carriers, and nutrient 
transporters. To overcome 
the problem of potassium leakage at 
depolarizing potentials, K+-starved 
cells may turn off some of the other 
transporters, such as voltage-
dependent, proton-driven metabolite 
transporters, that draw on the same 
membrane potential.
It will be exciting to learn more 
about the interconnection of CBL/
CIPK-mediated K+ channel regu-
lation and the calcium-induced 
responses to abiotic stresses (such 
as salt and drought) and hormones 
(such as abscisic acid). In light of 
the previous characterization of the 
CBL1 and CBL9 mutants (Albrecht 
et al., 2003; Pandey et al., 2004), the 
findings now reported by Xu et al. 
(2006) should lead to experiments 
that explore the interconnection of 
K+ and calcium regulation. In this 
regard, it is tempting to speculate 
that CBL9/CIPK23 complexes might 
mediate the abscisic-acid-depen-
dent aspects of AKT1 regulation, 
which are integrated at the level of 
K+ channel phosphorylation. In con-
trast, the abscisic-acid-independent 
signals may be processed by CBL1/
CIPK23 complexes.
Importantly, elements of the same 
network have been shown by Zhu 
and coworkers to be critical compo-
nents of the response to salt stress in 
plants (Xiong et al., 2002). Although 
it is well documented that NaCl-sen-
sitive phenotypes are attenuated in 
the presence of high external K+, the 
molecular mechanism has remained 
elusive. However, the calcium sen-
sor/protein kinase complex 
CBL4 (SOS3)/CIPK24 (SOS2) 
is known to regulate the Na+/
H+ exchanger SOS1, which is 
localized to the plasma mem-
brane. In the presence of 
high concentrations of NaCl, 
nonselective cation trans-
porters import sodium ions 
rather than K+. Here, as with 
low-K+ stress, transporters 
that are predominately selec-
tive for K+, like AKT1, medi-
ate K+ uptake. Under both 
conditions, a proposed rise 
in cytosolic calcium, which 
is decoded via the CBL/
CIPK network, may activate 
Na+ export via SOS1 and K+ 
import via AKT1 (Figure 1). 
Considering the study by Xu 
et al. (2006), this rise in cyto-
solic calcium concentration 
may be detected by CBL pro-
teins that interact with protein 
kinases (such as CIPK23). 
The activated CIPKs phos-
phorylate AKT1 and SOS1. 
In the absence of either the 
CBLs or CIPKs, AKT1 (or 
SOS1) remains inactive. Thus, 
channel phosphorylation rep-
resents the “on/off” switch for 
AKT1. When “on,” the voltage 
sensor couples the channel 
to the electrical gradient gen-
erated by the proton pump. 
The threshold potential of the 
sensor prevents K+ loss from active 
channels at membrane potentials 
positive to approximately −80 mV. 
Thus, it is likely that channel-pro-
tein modification adjusts the voltage 
activation threshold of the sensor. In 
other words, phosphorylation would 
allow channel opening at resting 
potential, whereas dephosphoryla-
tion enables opening only at extreme 
hyperpolarization. This kind of regu-
lation would prevent K+ loss through 
Figure 1. K+ and Na+ Sensing via the CBL/CIPK  
Network in Plants
In plants, low potassium availability or salt stress may be 
sensed via a postulated “sensor module,” resulting in the 
activation of calcium-permeable channels that have not yet 
been identified. The resulting changes in cytosolic Ca2+ are 
recognized by calcineurin B-like (CBL) proteins that, upon 
Ca2+ binding, activate protein kinases (CIPKs). The CBL/CIPK 
complexes represent a Ca2+-signature “readout” module and 
thus belong to a kinase-based Ca2+ network comprised of ad-
ditional components such as the calcium-dependent protein 
kinases (CDPKs) and calcium/calmodulin-dependent protein 
kinases (CaMKs). The CBL4/CIPK24 (SOS3/SOS2) complex is 
known to promote sodium extrusion via the H+/Na+ exchanger 
SOS1. In this issue of Cell, Xu et al. (2006) demonstrate a role 
for CBL1/CIPK23 in activating the voltage-dependent K+ up-
take channel AKT1, which thereby allows the plant to cope 
with limited soil potassium.1222 Cell 125, June 30, 2006 ©2006 Elsevier Inc.
AKT1 when external potassium is 
low and the membrane potential is 
negative to −80 mV but is not hyper-
polarized enough to drive K+ into the 
cells. In fact, the voltage-dependent 
gating of the K+ uptake channel of 
guard cells is also modulated by cal-
cium, although K+ movement is in the 
opposite direction.
Given the large number of pos-
sible pairs of CBL/CIPK proteins, 
many targets could be regulated 
to coordinate ion homeostasis and 
metabolism. In addition, it is pos-
sible that the same target, such as 
AKT1, is phosphorylated at different 
sites to independently affect voltage-
dependent gating, conductance, and 
kinetics. Interestingly, recent stud-
ies have established that a PP2C-
type phosphatase negatively regu-
lates the Shaker-like channel AKT2, 
which is related to AKT1 (Cherel et 
al., 2002). Because PP2C-type phos-
phatases directly interact with CIPK-
type kinases (reviewed in Batistic 
and Kudla, 2004), this suggests that 
preassembled PP2C-phosphatase/Adhesion and protrusion are cen-
tral features of cell migration 
(Lauffenburger and Horwitz, 1996). 
Although they were once thought to 
be largely independent processes, it 
is becoming increasingly clear that 
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Cell migration is fastest when th
is neither too strong nor too we
reveal how adhesion and cytosCIPK-kinase complexes could be the 
“on/off” switch for plant Shaker-like 
K+ channels. Moreover, in other plant 
cells, such as guard cells, more than 
one K+ channel subunit is expressed 
(Szyroki et al., 2001). Depending 
on the cell type and the physiologi-
cal conditions, CBL/CIPK regulation 
could turn on different sets of channel 
subunits and thereby adjust the prop-
erties of the subunit complex to meet 
the demands of diverse situations.
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